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Objective: Among good outcome survivors of aneurysmal subarachnoid hemorrhage 
(aSAH), only 23% have normal neurocognitive performance, despite imaging that is often 
normal. The aim of this work is to explore the use of magnetoencephalography (MEG) 
after endovascular treatment of ruptured aneurysms.
Methods: Good outcome aSAH patients treated with coiling and matched controls were 
recruited. Clinical assessments and resting-state MEG and anatomical MRI images were 
obtained. Brain space was normalized to standard Montreal Neurological Institute (MNI) 
brain. Areas of interest were identified with Automated Anatomical Labeling (AAL) and 
“electrodes” reconstructed using vector beamformer. Spectral power density estimates 
for each location was averaged across the brain to derive mean signal power. Virtual-
sensor data closest to the coil was assessed for signal quality.
results: Thirteen aSAH patients and 13 matched controls were recruited. Mean age 
was 54.5 years (SD = 9.9) for controls and 56.8 years (SD = 11.8) for aSAH. The majority 
of aneurysms (62%) were in the midline. Mean time from aSAH to MEG was 18.8 months 
(2.4–67.5; SD = 19). Data quality was comparable in both groups, including the virtu-
al-sensors close to the coil mass. Mean signal power showed no significant spectral 
alterations in the aSAH group.
conclusion: MEG is feasible in aSAH patients after endovascular treatment. Our results 
suggest that the signal quality and strength is good, and the presence of coils does 
not interfere with testing. Considering the common neurocognitive complaints of aSAH 
survivors MEG could be developed to diagnose, quantify, and monitor neurocognitive 
problems after aSAH.
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inTrODUcTiOn
Aneurysmal subarachnoid hemorrhage (aSAH) represents a small percentage of all strokes but it 
is responsible for a disproportionally high morbidity and mortality in this population (1), affecting 
patients at a relatively young age, with peak incidence between 40 and 60 years. It is estimated that, 
although representing only 7% of all strokes, aSAH is responsible for up to 27% of stroke-related lost 
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years of life in patients younger than 65 years old (2), a percent-
age comparable to ischemic stroke, a disease with much higher 
incidence.
Treatment of ruptured aneurysms is well established (3, 4) and 
has improved significantly over the last decades. Development 
of microsurgical techniques and the introduction of endovascu-
lar aneurysm obliteration, overall improvements in emergency 
medical services, and pre-, intra-, and post-operative care leads 
to a decrease in mortality from aSAH (2). Although favorable 
outcomes, usually defined as a Glasgow Outcome Scale (GOS) 
of 4 or 5, are reported in approximately 50% of the survivors 
of aSAH, further probing of more subtle neurological injury 
reveals that only 23% of these so-called “good outcome” patients 
show normal neurocognitive performance, even 5  years after 
the hemorrhage (5). Deficits in memory, attention, executive 
function, and language are common in this population and 
affect day-to-day activities, often with significant negative 
impact on the patient’s quality of life (6–9). In this subgroup 
of patients, these neurocognitive deficits usually happen in the 
absence of a major structural finding (stroke, intraparenchymal 
hemorrhage) that could explain the deficits.
Magnetoencephalography (MEG) is a functional neuroimag-
ing modality that detects the magnetic fields produced by brain 
activity using highly sensitive magnetic detectors called SQUIDS 
(superconducting quantum interference device). MEG is capable 
of measuring the extremely small magnetic signal generated by 
neuronal firing, while handling environmental noise (10). MEG 
combines the high spatial resolution of functional MRI (fMRI) 
and the excellent temporal resolution of electrophysiological 
measurements (EEG) and is, thus, an ideal modality for explor-
ing neurocognitive function. MEG has been used to elucidate 
the underlying electrophysiological mechanisms in normal 
brain function and development (11, 12) and in various disease 
processes, such as autism (13), epilepsy (14), post-traumatic 
stress disorder (PTSD) (15), and Parkinson’s disease (16). In 
patients with mild traumatic brain injury, MEG seems to be 
one of the most promising ways of acquiring objective informa-
tion on brain dysfunction (17, 18). From this growing body of 
literature, it is clear that there could be applications for MEG in 
patients with aSAH; however, the presence of the endovascular 
coil and the likelihood of extensive neuronal damage from the 
hemorrhage raise the question of whether clear MEG signals 
can even be acquired in this population. The aim of the current 
work is to establish the feasibility of MEG in the aSAH popula-
tion, more specifically after endovascular treatment of ruptured 
aneurysms.
MaTerials anD MeThODs
Participants
The Research Ethics Board of Sunnybrook Health Sciences Centre 
and The Hospital for Sick Children approved the study. This study 
included only patients admitted in good grade after their aSAH 
and considered to have good outcome based on the extended 
GOS scale (19) in follow up visits. Individuals were included if 
they were at least 18 years old, had a previous (single) aSAH with 
the causative aneurysm treated with endovascular coiling and 
had no imaging evidence of significant ischemic stroke related to 
vasospasm or aneurysm treatment and no parenchymal hemor-
rhage. The placement of an external ventricular drainage in the 
acute phase of treatment was not a criterion for exclusion, but we 
chose to not include patients submitted to microsurgical clipping 
in this pilot study in order to have a sample as homogeneous as 
possible. Patients unable to undergo MRI scanning, with a history 
of previous stroke related or not to aSAH and vasospasm, and 
history of neurological, psychological, and psychiatric disorders 
or previous brain surgery were excluded.
Age- and sex-matched healthy controls were recruited through 
flyers and advertisements in the community. All participants gave 
written-informed consent.
All subjects completed a battery of neuropsychological tests 
and clinical assessments before the MEG that included the 
Wechsler Abbreviated Scale of Intelligence (WASI) (20) and 
Montreal Cognitive Assessment (MOCA) (21).
Procedure and Data acquisition
Resting-state MEG data were collected while participants were 
supine and instructed to rest with eyes open, with visual fixation 
on an X within a circle on the screen for 300 s. MEG data were col-
lected inside a magnetically shielded room on a CTF Omega 151 
channel whole-head system (CTF Systems, Inc., Coquitlam, BC, 
Canada) at The Hospital for Sick Children. Data were acquired 
at 600 Hz with a 0–200 Hz bandpass. Throughout the run, head 
position was continuously recorded using three fiducial coils 
placed on the nasion and left and right pre-auricular points as 
reference points.
After the MEG session, anatomical MRI images were acquired 
using the 3-T MRI Research scanner (Magnetom Tim Trio, 
Siemens AG, Erlangen, Germany) in a suite adjacent to the 
MEG. Structural data were obtained as T1-weighted magnetic 
resonance images using resolution 3D MPRAGE sequences 
[repetition time (TR) =  2300  ms; echo time (TE) =  2.9  ms; 
flip angle (FA) = 9°; field-of-view (FOV) = 28.8 cm × 19.2 cm; 
256 ×  256 matrix; 192 slices; 1  mm isovoxel] on a 12-channel 
head coil. MEG data were co-registered to the MRI structural 
images using the reference fiducial coil placements. A multi-
sphere head model was constructed for each individual, and 
his or her brain space was normalized to a standard Montreal 
Neurological Institute (MNI) brain using statistical parametric 
mapping (SPM2).
Meg Data Processing
Seed Definition and Virtual Electrode Recording
Magnetoencephalography data were bandpass filtered offline at 
1–150 Hz, a notch filter applied at 60 Hz (8 Hz bandwidth), and 
a third-order spatial gradient environmental noise-cancelation 
applied to the recording. A priori sources (seeds) of inter-
est in cortex and sub-cortical regions were identified from 
the automated anatomical labeling (AAL) (22) atlas, giving 
90 locations for time series to be extracted and analyzed 
(Figure  1).
Broadband time series (“virtual electrodes”) from these voxels 
were reconstructed using a vector beamformer on the basis of 
the 90 AAL coordinates for each subject (22). Beamformers are 
FigUre 1 | seed locations identified in the automated anatomical labeling atlas (22).
TaBle 1 | subjects’ demographics and time from asah to Meg testing.
controls subarachnoid hemorrhage
age sex age sex aneurysm  
location
Time to Meg 
(months)
55 F 54 F SCA 22.3
67 F 67 F Basilar 22.8
49 F 53 F AComm 25.8
56 F 55 F AComm 67.5
70 F 67 F ACA 4.5
58 M 59 M AComm 2.6
61 M 36 F AComm 2.7
54 M 67 M AComm 18.7
57 F 58 F AComm 2.4
48 M 57 M PComm 4.6
67 F 70 F PComm 16.8
45 F 64 F PComm 43.9
34 F 31 F PICA 10.0
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a type of spatial filter used for source reconstruction that are 
designed to suppress signals from unwanted noise sources, while 
being optimally sensitive to activity in a given brain location 
(in this particular case, the AAL determined seed locations). 
Additionally, MEG beamformers are effective at suppressing ocu-
lar artifacts generated by eye movements, which are a particular 
problematic source noise in EEG, and non-ocular artifacts, such 
as cardiac and muscle activity (23). Thus, beamforming removes 
artifacts avoiding rejection of useful data. To re-construct a “vir-
tual sensor,” individual weight vectors are applied to each sensor 
measurement and summated to give estimated source activity to 
a particular cortical seed location (24).
resUlTs
Patient demographics and aSAH information are shown in 
Table 1. All 13 patients and 13 controls tolerated the neurocog-
nitive testing and the MEG examination. The groups were well 
matched for age and sex. Mean age was 57.6  years (SD =  9.9) 
for controls and 56.8 years (SD = 11.8) for aSAH. The majority 
of aneurysms (62%) were located in the midline. Tests took in 
average 80 min, with 50 min for the MEG and 30 min for the 
neurocognitive testing. Mean time from aSAH to MEG was 
18.8 months (2.4–67.5; SD = 19).
The data obtained in three subjects was too noisy and had to be 
excluded. They were two controls and one aSAH patient. Overall, 
the quality of MEG data obtained was very similar in aSAH 
patients and controls. Figure 2 shows 10 s of sample sensor-level 
data from an exemplary control and one aSAH subject. Upon 
visual inspection, most aSAH patient signal quality was similar 
or occasionally better than some healthy controls.
The calculated whole-brain spectral power content for Control 
(blue trace) and aSAH (green trace) subjects were not significantly 
different across canonical frequency bands (Figure  3). The 
spectrum shows the classic 1/f relationship of frequency–power 
content from the brain as well as the dominant alpha peak that 
typifies ongoing neural oscillations. Both groups show compara-
ble spectrum and peak oscillatory power.
Reconstructed time series from virtual electrode recordings 
were similar in frequency–power spectrum and noise content. 
A comparison between a “near” coil location (deep-source con-
sistent with the thalamus, approximately between the anterior 
and posterior commissure locations that were the locations of 
most aneurysm coils) and a “far” from coil location (occipital 
cortex) is shown in Figure 4.
To more formally quantify the signal variability inherent in 
these reconstructions, we conducted a mixed factorial ANOVA 
and found signal variability was higher for the “near” condition 
FigUre 2 | Meg signal recording for 10 s of resting state on 33 frontal sensors (1–150 hz bandpass, third order gradiometer, powerline notch filter) 
in an exemplary healthy control (top) and an asah patient (bottom).
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(deep sources) compared with “far” condition [F(1,22) = 65.36, 
p < 0.001], but no effect of group [F(1,22) = 0.0032, p = 0.96], 
or a distance × group interaction [F(1,22) = 0.0162, p = 0.90] – 
Figure  5. Post hoc t-tests revealed neither a significant group 
difference for the “near” (t =  0.048, p =  1) or “far” condition 
(t = 0.129, p = 1).
DiscUssiOn
In this study, we used, for the first time, MEG in patients treated 
with endovascular coiling after intracranial aneurysm rupture. 
The main finding in this study was that signal strength and 
quality during MEG is not affected by the presence of standard 
FigUre 3 | Mean and se of Meg signal power for controls and asah for the entire resting state run [(a); blow up of 2–15 hz in (B)]. aSAH patients 
show a slight deviation in peak frequency compared with control participants [arrow, (B)] at approximately 10 Hz (alpha band), although there is no significant 
difference in spectral power content at this frequency between the groups.
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aneurysm coils. All patients tolerated well and were able to 
complete the MEG study. In this feasibility study, we found that 
MEG data quality from aSAH patients and controls was very 
similar, including upon visual inspection, expected spectral 
peaks, and signal variability. We also show that MEG signal 
varies with seed location both in controls and aSAH subjects, 
but no difference in signal variability was found between the 
two groups.
Aneurysmal subarachnoid hemorrhage is a devastating event, 
with disproportionally high morbidity and mortality in a popula-
tion that is on average younger than the typical ischemic stroke 
patient (1, 2), leading to a significant burden for patients, families, 
and society. Psychiatric and neurocognitive deficits after aneu-
rysm rupture have been extensively reported (8, 25–28). As early 
as 1967, Storey (29) reported that although psychiatric morbidity 
was common after “brain damage” from aSAH and its treatment, 
neurocognitive complaints were often present and severe in a 
significant percentage of cases without such damage.
Significant advances in pre-hospital, pre-, peri-, and post-
operative care, surgical techniques and the development of 
endovascular options lead to a decrease in the mortality of aSAH 
over the years (2), but are unlikely to decrease the neuropsycho-
logical sequela of aneurysm rupture. The reported incidence 
of neurocognitive deficits after aSAH varies and assessment 
is complicated by other factors, such as a very heterogeneous 
population (even excluding the poor outcomes), different inclu-
sion criteria, outcome measures, and follow up time. Despite 
these limitations, it is well-recognized that aSAH is a severe 
injury to the brain, with significant neurocognitive sequela in a 
large percentage of patients, and it is estimated that up to 30% of 
patients will not have returned to work 1 year after aSAH (30). 
Using outcomes measured with scales such as the GOS (19, 31), 
it is estimated that approximately half of the aSAH survivors will 
have a good outcome (32). However, despite its widespread use 
and well-demonstrated value in the assessment of neurological 
injuries, the GOS is likely to overlook more subtle deficits such 
as neurocognitive dysfunction, and the definition of “good out-
come” was shown to be different among the surgeon, the patient, 
and his/hers relatives (33).
In the subgroup of patients with “good outcomes” defined as 
GOS 4 or 5, neurocognitive deficits are well documented using a 
variety of neuropsychological testing batteries (6, 8, 25–28). This 
is often seen in conjunction with normal imaging, including MRI 
scans. Up to now, no imaging marker is available to identify and 
monitor this specific patient population. Therefore, we focused 
our analysis in this subgroup of patients, good outcome survi-
vors of aSAH by current standard definitions, and without any 
evidence of ischemic or hemorrhagic brain damage in MRI scans.
FigUre 4 | exemplary time series from reconstructed sources in the “near” condition and “far” condition, for control and sah subjects.
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The pathophysiology of neurocognitive dysfunction after 
aSAH is not well understood. Aneurysmal SAH outcomes are 
mainly influenced by the severity of initial injury and/or the 
development of delayed ischemic neurological deficits (1–3). 
However, in patients without an identifiable anatomical injury, 
the underlying mechanism for the persistent neurocognitive defi-
cits is largely unknown. It is known that aSAH disrupts function 
of the microcirculation, leading to microthrombi and spreading 
depression (34–37). The extent to which these occur in good 
grade patients and if they can be linked to long lasting functional 
derangements, despite the lack of an identifiable anatomical 
injury, is not clear.
Assuming no secondary gain, in the absence of visible injury, 
functional disruption is likely to underlie patients’ complaints. 
Therefore, MEG, with its combination of very high temporal 
and anatomical resolution of fMRI and EEG might be the ideal 
tool to investigate these dysfunctions. MEG has been used 
successfully in other conditions in attempts to elucidate the 
electrophysiological mechanisms of diseases, such as autism, 
epilepsy, and Parkinson’s disease, and to investigate normal 
brain development (11). In patients with mild traumatic brain 
injury and PTSD, MEG seems to be one of the most promising 
ways of acquiring objective information on brain dysfunction 
in a population where imaging is often normal (15, 17, 18, 38).
In summary, we show here that MEG is feasible in patients 
treated with endovascular coils. There is no significant difference 
in signal quality between patients and controls. Investigations on 
the correlation of MEG findings and neurocognitive sequela are 
ongoing. MEG, with its functional and anatomical data overlap, 
might be developed in a very useful tool to investigate outcomes 
in this patient population, providing an imaging marker to help 
our understanding of neurocognitive deficits after intracranial 
aneurysm rupture.
study limitations
It has been known for years that possible neurological complica-
tions after aSAH vary with aneurysm location, and memory and 
neurocognitive deficits are more common after rupture of mid-
line located aneurysms, particularly ones located in the anterior 
communicating artery (39). Our sample had a high percentage 
of midline aneurysms, and this may influence neurocognitive 
sequela, but we do not believe that this is relevant for a feasibility 
study. MEG signal characteristics were evaluated in the same seed 
locations for aSAH and matched controls, and, therefore, the only 
7da Costa et al. Magnetoencephalography after Ruptured Aneurysm Treatment
Frontiers in Neurology | www.frontiersin.org October 2016 | Volume 7 | Article 163
reFerences
1. van Gijn J, Kerr RS, Rinkel GJ. Subarachnoid haemorrhage. Lancet (2007) 
369:306–18. doi:10.1016/S0140-6736(07)60153-6 
2. Johnston SC, Selvin S, Gress DR. The burden, trends, and demographics of 
mortality from subarachnoid hemorrhage. Neurology (1998) 50:1413–8. 
doi:10.1212/WNL.50.5.1413 
3. Suarez JI, Tarr RW, Selman WR. Aneurysmal subarachnoid hemorrhage. 
N Engl J Med (2006) 354:387–96. doi:10.1056/NEJMra052732 
4. Bederson JB, Awad IA, Wiebers DO, Piepgras D, Haley EC Jr, Brott T, 
et  al. Recommendations for the management of patients with unruptured 
intracranial aneurysms: a statement for healthcare professionals from the 
Stroke Council of the American Heart Association. Stroke (2000) 31:2742–50. 
doi:10.1161/01.STR.31.11.2742 
5. Scharbrodt W, Stein M, Schreiber V, Böker D-K, Oertel MF. The prediction 
of long-term outcome after subarachnoid hemorrhage as measured by the 
short form-36 health survey. J Clin Neurosci (2009) 16:1409–13. doi:10.1016/j.
jocn.2009.01.011 
6. Al-Khindi T, Macdonald RL, Schweizer TA. Cognitive and functional out-
come after aneurysmal subarachnoid hemorrhage. Stroke (2010) 41:e519–36. 
doi:10.1161/STROKEAHA.110.581975 
7. Tidswell P, Dias PS, Sagar HJ, Mayes AR, Battersby RDE. Cognitive 
outcome after aneurysm rupture relationship to aneurysm site and 
perioperative complications. Neurology (1995) 45:876–82. doi:10.1212/
WNL.45.5.876
8. Mayer SA, Kreiter KT, Copeland D, Bernardini GL, Bates JE, Peery S, 
et  al. Global and domain-specific cognitive impairment and outcome after 
subarachnoid hemorrhage. Neurology (2002) 59:1750–8. doi:10.1212/01.
WNL.0000035748.91128.C2 
9. Wallmark S, Lundström E, Wikström J, Ronne-Engström E. Attention deficits 
after aneurysmal subarachnoid hemorrhage measured using the test of variables 
of attention. Stroke (2015) 46:1374–6. doi:10.1161/STROKEAHA.115.009092 
10. Vrba J, Robinson SE. Signal processing in magnetoencephalography. Methods 
(2001) 25:249–71. doi:10.1006/meth.2001.1238 
11. Kadis DS, Pang EW, Mills T, Taylor MJ, McAndrews MP, Smith ML. 
Characterizing the normal developmental trajectory of expressive language 
lateralization using magnetoencephalography. J Int Neuropsychol Soc (2011) 
17:896–904. doi:10.1017/S1355617711000932 
12. Hämäläinen M, Hari R, Ilmoniemi RJ, Knuutila J, Lounasmaa OV. 
Magnetoencephalography – theory, instrumentation, and applications to 
noninvasive studies of the working human brain. Rev Mod Phys (1993) 65:413. 
doi:10.1103/RevModPhys.65.413 
13. Lewine JD, Andrews R, Chez M, Patil AA, Devinsky O, Smith M, et  al. 
Magnetoencephalographic patterns of epileptiform activity in children 
with regressive autism spectrum disorders. Pediatrics (1999) 104:405–18. 
doi:10.1542/peds.104.3.405 
FigUre 5 | Boxplots for signal variance by condition and group.
differences are the previous hemorrhage and the presence of the 
coils.
Also, although we studied a smaller sample of patients submit-
ted to microsurgical clipping, we opted not to include these in 
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cOnclUsiOn
Our study shows that MEG is feasible in patients suffering 
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strength and quality is not affected by the presence of the coils, 
and signal variability is similar between the two groups. In this 
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